Cyanoguanidine is an inexpensive commodity chemical and it is found to be a useful reagent for the direct Friedel-Crafts carboxamidation of arenes. The reaction works best in an excess of Brønsted superacid, an observation suggesting the involvement of a superelectrophilic intermediate. Theoretical calculations indicate that the most stable diprotonated species involves protonation at the guanidine and cyano nitrogen atoms.
Cyanoguanidine (or dicyanodiamide, 2) is an inexpensive, crystalline solid that is used as a feedstock chemical in various industries. We sought to use this material as a substrate in electrophilic aromatic substitution chemistry, primarily because of its similarities to cyanamide. We also reasoned that the guanidinium groups would be easily protonated and consequently it should activate the adjacent cyano group or nitrilium ion for use in FriedelCrafts chemistry. Our initial experiment involved reacting cyanoguanidine (2) with benzene in superacidic CF 3 SO 3 H (eq 2). In a reaction at 25°C, a mixture of benzamide (1) and benzonitrile were obtained. By increasing the reaction temperature to 60°C and using 10 equivalents of CF 3 SO 3 H, no benzonitrile is observed and the benzamide product 1 can be isolated in 56% yield. Although the conversion has not been fully optimized, it was observed that similar yields could be obtained with as little as 5 equivalents of CF 3 SO 3 H. With less acid, the product yield drops considerably. Both H 2 SO 4 and CF 3 CO 2 H (in excess quantities) were also reacted with compound 2 in the presence of benzene, but no benzamide product was formed. Presumably, any byproducts or the starting material 2 were lost in the aqueous phase during workup.
Using compound 2, a series of aromatic primary amides were synthesized from electrophilic aromatic substitution (Table 1) . 6 Alkyl-substituted benzenes were generally converted to the amides in good overall yields. In the case of toluene and ortho-xylene, mixtures of regioisomers were formed (6 and 7). For the mono-substituted benzenes, the para regioisomer is the major product (6-9, 11). With para-dichlorobenzene, product 10 may be isolated in 10% yield. Although the yield for this conversion is low, para-dichlorobenzene is a moderately deactivated arene, so product formation indicates that compound 2 generates a reactive electrophile in superacid. Despite the high degree of activation of 2,6-dimethylphenol, product 12 could only be isolated in 11% yield. This may be due to protonation of the phenol by the superacid, 7 greatly decreasing its reactivity towards electrophilic attack. Naphthalene gave product 13 in good yield, although the reaction leads to the mixture of regioisomers.
In order to probe the mechanism of this conversion, we conducted experimental, spectroscopic, and theoretical studies. For example, substituted cyanoguanidines are readily prepared from dimethyl N-cyanodithioiminocarbonate (14, eq 3). 8 We reasoned that the Friedel-Crafts chemistry is likely occurring at the cyano group, and therefore, reaction with the alkyl-substituted derivative 15 should provide benzamide 1. If the electrophilic reaction occurs at the guanidium carbon however, the product should be the secondary amide 16. When compound 15 is reacted with benzene in CF 3 SO 3 H, only benzamide 1 is observed in the product mixture, suggesting that the Friedel-Crafts chemistry occurs at the cyano group. In spectroscopic studies, solutions of compound 2 were prepared by dissolving 2 in d 4 -methanol, CF 3 CO 2 H, and CF 3 SO 3 H. 13 C NMR spectra were obtained, however the results were inconclusive. The acidic solutions gave very complex 13 C NMR spectra. This may be the result of multiple reactions and equilibria, or given the tendency for nitrilium ions to form 1,3,5-triazines, 9 the complex spectra may be the result of slow trimerization reactions. In our synthetic reactions, triazine products were never observed. However, this may be a consequence of the water solubility of the triazine products from 2 (likely lost upon aqueous workup).
Theoretical calculations were done to explore the protonated structures that could arise from cyanoguanidine 2 in acidic media. 10 Calculations were done at the B3LYP 6-311G** level, 11 energies are corrected for ZPE, and all structures were characterized as true minima (zero imaginary frequencies) by frequency calculations. Initial protonation is thought to occur at the guanidine group (Figure 1) . Thus, cation 17 is about 28 kcal/mol more stable than the cyano protonated species 18. This observation is certainly a consequence of the stability of the guanidinium cation. Nevertheless, electrophilic aromatic substitution with nitriles -the Houben-Hoesch reaction -generally occurs through a nitrilium ion (via protonation of the nitrile). This suggests the involvement of a diprotonated species in the reactions of 2 with arene nucleophiles. Earlier studies by Olah and coworkers showed that guanidine itself could be diprotonated in superacid. 12 Although double protonation at the guanidine group (19) is found to be a stable minimum on the potential energy surface, a significantly more stable dication (20) is formed by protonation at the guanidine and cyano nitrogen atoms. Presumably, ion 19 is destabilized by the proximity of the two positive charges and the loss of resonance interactions with the -NH 2 group. We propose that superelectrophile 20 is the key intermediate in the conversions to the benzamide products. 13 In accord with this suggestion, the LUMO level of 20 is such that reaction with benzene appears to be favorable. Calculations show cyanoguanidine (2) with a LUMO at 0.00509 eV, monocation 17 with a LUMO at −0.021873 eV, and dication 20 with a LUMO at −0.4320 eV. For comparison, the HOMO of benzene is calculated to be at −0.25636 eV.
The proposed mechanism involves further steps that include formation of the new C-C bond to give intermediate 21 (Figure 2 ). Based on the observed products, we suggest cleavage of the C-N bond to give protonated benzonitrile (22) and the guanidinium cation. Previous studies by Shudo and coworkers suggested that the nitrilium ion 22 may itself react with triflic acid to give the adduct with triflate anion (23). 14 Hydrolytic work up of the reaction mixture then provides the benzamide (1).
In conclusion, we have found that cyanoguanidine 2 is a useful reagent for the direct Friedel-Crafts carboxamidation of arenes. The reaction works best in an excess of Brønsted superacid, an observation suggesting the involvement of a superelectrophilic intermediate. Theoretical calculations indicate that the most stable diprotonated species involves protonation at the guanidine and cyano nitrogen atoms. Proposed mechanism for the conversion of 2 to benzamide products.
